Abstract The phenotype Hp 2-1 of haptoglobin has been previously associated with increased risk of Parkinson disease (PD) and with serum iron abnormalities in PD patients. Tobacco smoking has been consistently observed in epidemiology studies to be inversely related to PD risk, with mechanisms that remain uncertain. We recently observed that the protective effect of smoking on PD risk is stronger among subjects of haptoglobin Hp 2-2 and Hp 1-1 phenotypes, and weaker among subjects of haptoglobin Hp 2-1 phenotype. In this PD case-control study, we investigated whether tobacco smoking was associated with changes in serum haptoglobin and ferritin concentration that depended on haptoglobin phenotype among 106 PD patients and 238 controls without PD or other neurodegenerative disorders. Serum ferritin concentration, serum haptoglobin concentration, haptoglobin phenotype, and smoking data information of cases and controls were obtained. Differences in haptoglobin and ferritin concentration by smoking status and pack-years of smoking were calculated as well as regression between pack-years and haptoglobin and ferritin concentration, and the effect of haptoglobin phenotype on these parameters. Tobacco smoking was associated with an elevation in serum haptoglobin concentration, especially among healthy controls of haptoglobin Hp 2-2 phenotype, and with an elevation in ferritin concentration especially among PD patients of haptoglobin Hp 2-1 phenotype. These findings suggest that an elevation in haptoglobin concentration, preferentially among subjects of haptoglobin Hp 2-2 phenotype, could be a contributing factor to the protective effect of smoking on PD risk.
Introduction
Haptoglobin (Hp) is a serum protein that binds free hemoglobin and allows scavenging of free hemoglobin by macrophages (Bowman and Kurosky 1982; McCormick and Atassi 1990; Kristiansen et al. 2001 ). Because of a genetic polymorphism of the alpha chain of the Hp gene (Langlois and Delanghe 1996) , there are three common Hp phenotypes in the population, Hp 1-1, Hp 2-1, and Hp 2-2, which exhibit profound structural and functional differences: Hp 1-1 molecules have the smallest molecular weight, and Hp 2-2 molecules have the highest molecular weight, up to 900 kDa (Langlois and Delanghe 1996) . Hp 2-2 complexes have lower Hb-binding capacity than Hp 1-1 and Hp 2-1 (Javid 1965) , and also have lower Hbscavenging power than Hp 2-1 and Hp 1-1 as a consequence of their lower ability to reach extra-vascular fluids, due to their higher molecular mass (Langlois and Delanghe 1996; Melamed-Frank et al. 2001) . Hp polymorphism also affects serum Hp concentration, since subjects with Hp 1-1 phenotype have the highest levels of serum Hp concentration, while subjects with Hp 2-2 phenotype have the lowest levels (Langlois and Delanghe 1996) . Hp 2-1 phenotype was previously found to be associated with a significantly increased risk of Parkinson disease (CostaMallen et al. 2008) . We also recently observed that abnormally low serum iron levels in PD patients are present predominantly among subjects of Hp 2-1 phenotype, while abnormalities in PD patients of Hp 2-2 and Hp 1-1 phenotype are less pronounced (Costa-Mallen et al. 2015) .
A very consistent epidemiologic finding in PD research is a reduced risk of PD, by about 50 %, for smokers compared with non-smokers (Ritz et al. 2007 ). Lifetime cigarette smoking was also found to be associated with reduced Lewy body accumulation (Tsuang et al. 2010) . Selective survival of non-smoking PD cases does not account for the protective effect of cigarette smoking (Morens et al. 1996) , and several hypotheses have been advanced over the years to explain the strong protective effect of smoking on PD risk. For example, smoking causes inhibition of monoamine oxidase B, the main metabolizing enzyme of dopamine (Fowler et al. 1996) . However, none of the current hypotheses are completely supported by epidemiological findings. Second-hand smoke was recently found to confer reduced PD risk with a magnitude similar to the effect of active smoking (Searles et al. 2012) , suggesting a biological effect of cigarette smoke rather than a personality trait being predisposing both to smoking avoidance and PD risk. Haptoglobin phenotype is a modifying factor for the effect of smoking on PD risk, as tobacco smoking exerts a protective effect on PD risk for subjects of Hp 2-2 and Hp 1-1 phenotype, but not for subjects of Hp 2-1 phenotype (Costa-Mallen et al. 2015) , with mechanisms not elucidated.
It is noteworthy that tobacco smoking causes an increase in hematocrit (Kurata 2006 ) and higher circulatory iron. This effect was postulated to be due to the induced hypoxia and to the increased red blood cell turnover (Young and Moss 1989; Northrop-Clewes and Thurnham 2007) . Ghio et al. (2008) reported that serum iron and ferritin levels among smokers were higher compared with never smokers.
Excess of iron deposition in the brain has been shown to be able to cause oxidative stress and contribute to the neurodegenerative processes typical of PD (Halliwell 2001; Berg et al. 2002; Youdim et al. 2004) . Changes in systemic iron metabolism could potentially affect the levels of brain iron. We, therefore, hypothesized that smoking-related changes in iron metabolism may underlie the inverse association of smoking with PD by ultimately leading to lower levels of iron in the brain.
In addition, haptoglobin can exert neuroprotection by scavenging free hemoglobin (Zhao et al. 2009) , and an increase in haptoglobin concentration itself could potentially be neuroprotective by reducing oxidative stress (Alayash et al. 2013) . We, therefore, explored whether tobacco smoking was associated with higher Hp concentration in PD cases and controls, and if this effect was present preferentially in subjects of Hp 2-2 phenotype.
Methods

Study participants
Informed consent was obtained from all individual participants included in the study. All study procedures were approved by the Institutional Review Boards of Bastyr University, the University of Washington, and the Veterans Affairs Puget Sound Health Care System (VAPSHCS). Study participants were recruited in the Puget Sound area of Washington State between 2010 and 2015. Recruitment sources for the PD patients were the Washington State Parkinson Disease Registry (WPDR), the Michael J. Fox Foundation Fox Trial Finder, Bastyr University campus, the Bastyr Center for Natural Health (BCNH), Senior Centers, and referral from collaborating Neurologists in the Seattle area.
Controls were recruited from the Bastyr University campus, the BCNH, Senior Centers, and advertisement over local websites. Seventeen PD cases and 12 controls for a total of 29 participants included in this study were enrolled in the Parkinson's Genetic Research Study (PaGeR) (Zabetian et al. 2005) .
All PD cases recruited met the ''UK Parkinson's Disease Society Brain Bank clinical diagnostic criteria'' (UKBB) for PD (Gibb and Lees 1988) . Only patients meeting UKBB clinical diagnostic criteria were included in the study.
For all PD cases, medical records were obtained from each patient's neurologist and were reviewed by a second neurologist (S-C Hu) to determine whether each patient met UKBB criteria. In addition to the exclusion criteria as from the UKBB, the presence of more than one relative with PD also constituted exclusion criteria for the PD patients, as determined from a screening telephone interview before the study visit.
Controls were subjects free of PD or other neurodegenerative diseases, as determined from subjects' interviews and medical records reviews. For the 12 controls from the PaGeR study, no additional medical history exclusion criteria were imposed on control eligibility.
Exclusion criteria for the PD cases and controls recruited from all other sources other than the participants recruited from the PaGeR were: the presence of current active cancer under treatment, chronic hepatitis, and HIV sero-positivity, as determined from participants' interviews and medical records reviews. Participants who had an acute illness or fever at the time of the visit were rescheduled for a different date when the acute illness had subsided.
The control group was frequency matched to cases by age in 10-year categories.
Data collection
Blood samples were collected by venipuncture from each study participant; serum was separated, split in different aliquots, and frozen at -70°C. One aliquot was submitted to the LabCorp Clinical laboratory for tests of serum haptoglobin (Hp) concentration and ferritin concentration. Hp concentration was expressed as mg/dl, and ferritin concentration was expressed as ng/ml. Hp phenotyping was performed on serum samples for all subjects, with a method as previously described (Costa-Mallen et al. 2008) . Briefly, each serum sample was mixed with purified hemoglobin (Hb) solution, allowing Hp in the serum sample to bind to Hb. The Hp-Hb complexes were subjected to non-denaturing acrylamide gel electrophoresis on 4-20 % gradient gels at 70 V for 16 h, followed by peroxidase staining for bands visualization.
For the 29 participants from the PaGeR study, ferritin concentration could be determined for all participants, whereas Hp concentration could only be determined for 7 participants, because of lack of availability of sufficient sample for Hp concentration tests; as a result, ferritin concentration was collected for a total of 344 participants, 106 PD cases and 238 controls, while Hp concentration was collected for a total of 322 participants, 91 PD cases and 231 controls.
Demographic and smoking history information was obtained from all study participants, including age, gender, race, number of cigarettes a day smoked, and years smoked. Participants were considered ''ever smokers'' if they had smoked at least 100 cigarettes during their lifetime. Participants were considered as ''past'' smokers if they were ever smokers but were not currently smokers at the time of the visit. Participants who were not current smokers but smoked at least 100 cigarettes in the past were considered as past smokers. Pack-years of smoking were calculated by multiplying packs/day of cigarettes smoked by the number of years smoked.
Data analysis
Age-and gender-adjusted differences in mean serum Haptoglobin and serum ferritin were calculated between never smokers and ever smokers, and among never smokers, past smokers, and current smokers by one-way analysis of covariance (ANCOVA). This analysis was performed for the overall study population, and separately for the three Hp phenotype groups. Separate analyses were also performed by PD case/control status.
Linear regression was used to test the relation between pack-years of smoking and serum Hp concentration, and serum ferritin concentration, in models where age and gender were included as covariates. Standardized beta (B) coefficients of linear regression between pack-years of smoking and Hp concentration and ferritin concentration were calculated. Linear regression was used also to test for interaction between never/past/current smoking status and Hp phenotype on ferritin concentration and Hp concentration levels, in models where case/control status, gender, and Hp phenotype were used as fixed factors, age was used as covariate, and either serum ferritin or serum Hp concentration was the dependent variable.
All analyses were performed in the overall study population independently of ethnicity. In separate analyses limited to non-Hispanic white subjects, the results did not change materially, and thus, only data for the entire study population are presented.
All data analysis was performed with SPSS 19.0 software.
Results
The study population consisted of 344 subjects, 106 PD cases and 238 controls, for whom ferritin concentration and Hp phenotype were determined and smoking status information was collected.
Hp concentration could be measured for a total of 322 participants, of which 91 PD cases and 231 controls. The demographics and smoking status of the participants are shown in Table 1 .
Serum ferritin concentration results
Serum ferritin was overall significantly higher in men than women (men = 141.94 ng/ml, and women = 81.03 ng/ml, p \ 0.001), as expected (Cook et al. 1976) .
PD cases had overall slightly higher serum ferritin concentration than controls (PD = 120.22 ng/ml, controls = 106.31 ng/ml); however, this difference was not statistically significant (Table 2) . The difference in serum ferritin between PD cases and controls was not significant also when considering men and women separately, or after stratification for Hp phenotype groups (Table 3) .
Ferritin was higher in subjects of Hp 2-1 phenotype as compared with subjects of Hp 1-1 and Hp 2-2 phenotype overall (Hp 1-1 = 91.20 ng/ml, Hp 2-1 = 124.40 ng/ml, Hp 2-2 = 99.57 ng/ml, age-, gender-, smoking status-adjusted p value = 0.003). To test whether the higher ferritin levels in subjects of Hp 2-1 phenotype were due to an effect of smoking, we stratified by ever/never smoking status, and the higher levels of serum ferritin in subjects of Hp 2-1 phenotype was present among subjects who were ever smokers (Hp 1-1 = 88.04 ng/ml, Hp 2-1 = 139.34 ng/ml, Hp 2-2 = 89.25 ng/ml, p = 0.025), but not among subjects who were never smokers (Hp 1-1 = 93.93 ng/ml, Hp 2-1 = 110.30 ng/ml, Hp 2-2 = 110.78 ng/ml, p = 0.713). Tobacco smoking was associated with an elevation of serum ferritin is subjects of Hp 2-1 Hp phenotype, but not among subjects of Hp 1-1 or Hp 2-2 phenotype. In fact, as shown in Table 3 ), while there were no significant differences in serum ferritin levels among never-past-current smokers overall, after stratifying by Hp phenotype, serum ferritin levels resulted to be progressively higher from never smokers to past smokers to current smokers among subjects of Hp 2-1 phenotype, especially among PD cases. On the other hand, serum ferritin levels resulted progressively lower from never smokers to past smokers to current smokers among subjects of Hp 2-2 phenotype (Table 3) ; this interaction between Hp phenotype and never/past/current smoker status was statistically significant (p = 0.036).
The three way-interaction between Hp phenotype, never/-past/current smoker status, and PD case/control status,was also statistically significant (p = 0.041).
The interaction between never/past/current smoker status, Hp phenotype, and gender was not statistically significant (p = 0.136).
We tested the correlation between pack-years of smoking and serum ferritin concentration (Table 4) and observed a significant increase in serum ferritin levels with increase in pack-years of smoking among PD cases (standardized beta coefficient = 0.289, p = 0.005). When stratifying by Hp phenotype, pack-years of smoking was correlated with an increase in serum ferritin among PD cases of Hp 2-1 phenotype (standardized beta coefficient = 0.392, p = 0.008), but not among PD cases of Hp 2-2 phenotype, similar to what observed for the association between ferritin and never-past-current smoking status. The interaction between pack-years of smoking and Hp phenotype was statistically significant (p = 0.003).
Among controls, the correlation between pack-years of smoking and serum ferritin levels resulted non-significant overall, as well as for the individual Hp phenotype groups (Table 4) .
Serum Hp concentration results
Serum Hp concentration was similar in men and women (Hp in men = 126.86 mg/dl, Hp in women 135.03 mg/dl, p = 0.165). As shown in Table 5 ), serum Hp concentration was not significantly different in PD cases and controls overall, or after stratification by gender and Hp phenotype.
Consistently with what was previously shown (Langlois and Delanghe 1996) , serum Hp concentration was higher for subjects of Hp 1-1 phenotype, intermediate for subjects of Hp 2-1 phenotype, and lowest for subjects of Hp 2-2 phenotype (serum Hp in Hp 1-1 = 161.59 mg/dl, in Hp 2-1 = 140.67 mg/dl, in Hp 2-2 = 103.54 mg/dl, p \ 0.001).
Serum Hp concentration was not different between PD cases and controls overall (PD = 126.69 mg/dl, and controls = 133.11 mg/dl, age-and gender-adjusted p = 0.435) Smoking and haptoglobin phenotype modulate serum ferritin and haptoglobin levels in… 1323 (Table 5) . No significant differences in Hp concentration between PD cases and controls were present also after stratification by gender or Hp phenotype (Table 5) . Hp concentration resulted lower in PD patients than controls among subjects who were ever smokers (PD = 112.64 mg/dl, controls = 139.12 mg/dl, age-and gender-adjusted p value = 0.032). Among never smokers, instead, serum Hp concentration was not different between PD cases and controls (PD = 132.94 mg/dl, controls = 125.10 mg/dl, age-and gender-adjusted p value = 0.294. The interaction between case/control status and ever/ never smoking status on Hp concentration was statistically significant (p = 0.016).
Hp concentration resulted significantly higher among current smokers as compared with past smokers and never smokers in the overall study population (p = 0.016) ( Table 6 ). The difference in Hp concentration between never/past/current smokers was strongest among subjects of Hp 2-2 phenotype (p = 0.001) as compared with subjects of Hp 2-1 and Hp 1-1 phenotype. The interaction between Hp phenotype and never/past/current smoking status on Hp concentration levels was statistically significant (p \ 0.001). Among control subjects, Hp concentration resulted progressively higher from never smokers, to past smokers to current smokers (p = 0.005), and this increase in Hp concentration associated with smoking was strongest among subjects with Hp 2-2 phenotype (p \ 0.001), while it was not present among subjects of Hp 2-1 phenotype (Table 6) . Among PD cases, the differences in Hp concentration between never/past/current smokers were overall less pronounced than in controls, and not statistically significant, either as a main effect or for the different Hp phenotype groups.
Similar to what we observed for ever/past/current smoking status, serum Hp concentration was significant correlated with pack-years of smoking in the overall population (standardized beta coefficient = 0.157, p = 0.003) ( Table 7) . When stratifying by Hp phenotype, the correlation between Hp concentration and pack-years of smoking was stronger for subjects of Hp 2-2 phenotype (standardized beta coefficient = 0.324, p = 0.001), and non-significant for subjects of Hp 2-1 and Hp 1-1 phenotype (Table 7) . The correlation between pack-years of smoking and Hp concentration was significant among control participants overall (standardized beta coefficient = 0.188, p = 0.002), and in particular for control subjects of Hp 2-2 phenotype (standardized beta coefficient = 0.446, p \ 0.001), but not among PD cases (Table 7) , consistently to what observed for the association between Hp concentration and never/-past/current smoking status.
Discussion
In this case-control study of PD, we investigated possible effects of tobacco smoking that could be at the base of the consistently observed inverse association between smoking Statistically significant values at p B 0.05 are shown in bold and PD risk (Morens et al. 1996; Ritz et al. 2007; Tsuang et al. 2010; Searles et al. 2012 ). Accordingly, we tested whether tobacco smoking was associated with changes in serum proteins that are implicated in regulation of iron metabolism and protection from oxidative stress, and tested serum ferritin and serum Hp concentration in PD cases and controls.
Our results for ferritin are consistent to those previously reported by Ghio et al. (2008) , that smoking was associated with elevated serum ferritin concentration. We observed that the elevation in serum ferritin associated with pack-years of smoking was significant among PD patients, and not significant among controls. Notably, the association between higher serum ferritin levels and smoking was present among PD cases of Hp 2-1 phenotype, but not PD cases of Hp 2-2 phenotype. In fact, among patients of Hp 2-2 phenotype, smoking was associated with an opposite effect, lower levels of serum ferritin. The interaction between Hp phenotype and smoking on serum ferritin levels was significant, indicating that the Hp phenotype of as subject influences the effect of tobacco smoking on ferritin levels.
In spite of ferritin levels being higher among men than women, as expected, there were no significant differences by gender on the effect of smoking on ferritin levels, and no significant interaction between gender, Hp phenotype, and smoking status on ferritin levels.
Serum ferritin levels usually correlate with body iron status (Jacobs and Worwood 1975) , but in conditions of inflammation, ferritin levels can also increase in the absence of iron overload (Torti and Torti 1994; Cohen et al. 2010) .
The main change in brain ferritin in PD, especially in the early stages of the disease, consists in a decrease in the concentration of L-ferritin, while an increase in H-ferritin occurs in later stage of PD progression (Koziorowski et al. 2007; Connor et al. 1995) . The decrease in L-ferritin in the SN of PD patients suggests that the process of degeneration starts with a higher availability of free iron, which is released from the ferritin shell. An increase in brain nonferritin labile iron may be responsible to neurodegenerative processes in PD patients (Wypijewska et al. 2010) . How serum ferritin correlates with brain iron levels in general has still not been completely elucidated. In the study of Walter et al. (2012) , serum iron was inversely correlated with brain iron in PD patients. It is still not known whether serum ferritin levels may affect brain iron binding proteins and iron metabolism to affect brain levels of L-ferritin and H-ferritin.
If indeed elevated serum ferritin levels were a contributing factor to increased brain free iron and brain oxidative stress, the fact that smoking was associated with higher serum ferritin levels among PD cases with Hp 2-1 phenotype, but not Hp 2-2 phenotype, may also contribute to the lack of protective effect of smoking on PD risk for subjects with Hp 2-1 phenotype that we have previously described (Costa-Mallen et al. 2015) .
Serum Hp concentration in the study subjects with Hp 1-1 phenotype was the highest, while subjects with Hp 2-1 phenotype had intermediate Hp levels, and subjects with Hp 2-2 phenotype had the lowest levels: this is a wellknown functional effect of the haptoglobin polymorphism, and has been consistently observed (Langlois and Delanghe 1996) . We identified an effect of tobacco smoking on serum Hp concentration, as pack-years of smoking was significantly correlated with an increase in serum Hp concentration in the overall study population. To the best Hp has hemoglobin-binding and hemoglobin-scavenging activity (Javid 1965; Langlois and Delanghe 1996; Melamed-Frank et al. 2001; Zhao et al. 2009; Alayash et al. 2013) , and an increase in serum Hp concentration could lead to better removal and scavenging of hemoglobin and potentially contribute to lower oxidative stress and PD risk. For these reasons, we believe that a smoking-induced increase in Hp concentration over the lifetime could potentially be a contributing factor to the protective effect of smoking on PD risk that has been consistently observed in epidemiology studies. Since tobacco smoking in this study resulted associated with an elevation in serum Hp concentration among subjects with Hp 2-2, but not Hp 2-1 phenotype, this could potentially be an explanation of the lower risk of PD for subjects with Hp 2-2 phenotype that has been previously observed (CostaMallen et al. 2008) .
Serum Hp concentration was only slightly and nonsignificantly lower in PD cases than controls in this study, overall, but it was significantly lower in PD patients than controls among ever smokers: this was because of the association of smoking with an elevation of Hp concentration that occurs specifically among controls, especially of Hp 2-2 phenotype. The correlation between smoking and Hp concentration was much stronger for controls than PD patients. In this respect, we need to consider that a higher percentage of current-smokers were present among controls than PD patients, and this may be a contributing factor to the fact that the elevation of Hp concentration associated with smoking was not statistically significant among PD patients. Further studies on larger populations of PD patients and controls will be needed to determine if the effect of smoking on Hp concentration is present more strongly among healthy control subjects than PD patients.
We postulate that the increase in red blood cells turnover due to hypoxia in smokers (Young and Moss 1989; Northrop-Clewes and Thurnham 2007) may be responsible for an increase in hemoglobin release in the bloodstream, that may ultimately lead to the elevation of Hp and ferritin levels. In our study, smoking was associated with an elevation in Hp concentration especially in controls of Hp 2-2 phenotype and an elevation in ferritin especially in PD patients of Hp 2-1 phenotype, indicating that Hp phenotype influences the effect of smoking on these serum proteins levels.
The heterozygous Hp 2-1 phenotype conferred features that were different than both homozygous Hp 1-1 and Hp 2-2 phenotypes with respect to the effect of smoking on Hp concentration and ferritin concentration. Similarly, we had previously observed that the Hp 2-1 phenotype conferred association with PD (Costa-Mallen et al. 2008) , and lower levels of serum iron in PD (Costa-Mallen et al. 2015) . The phenomenon where the heterozygous phenotype behaves differently than both homozygous phenotypes is known as heterosis. Heterosis has been observed for association of Hp phenotype with other diseases, such as motor neuron disease, in addition to PD (Fröhlander and Forsgren 1988) . In fact an excess of the Hp 2-1 phenotype as compared with both Hp 1-1 and Hp 2-2 phenotypes was observed among motor neuron disease patients (Frölander and Forsgren 1988) . At the molecular level, it is not known how the heterozygous Hp 2-1 confers features that are different from both homozygous phenotypes. Interestingly, many other human polymorphic genes display heterosis, for example, the dopamine D2 receptor (DRD2) gene, where carriers of the heterozygous TaqIA 12 genotype display lower DRD2 receptor density than carriers of both homozygous TaqIA 11 and TaqIA 22 genotypes (Comings and MacMurray 2000) .
In conclusion, our study identifies associations between tobacco smoking and serum haptoglobin levels and ferritin levels that depend on the haptoglobin phenotype. Further studies will be needed to determine the mechanisms of the observed associations, as well as the temporal patterns of effects after smoking cessation, and the possible role of an elevation of haptoglobin levels in protection from PD risk.
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